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ABSTRACT
The actin fibrils found at the ectoplasm-endoplasm
interface in Nitella internodal cells are a major component
of the mechanism that is responsible for cytoplasmic
streaming in these giant algal cells.

The fibrils have been

shown to attach to the inner surface of internodal
chloroplasts which are embedded in long files within the
stationary ectoplasm along the length of the cell.

The

existence of actin bundles at the ends of the cell, where
chloroplast files are absent, has not been examined.
Through the use of scanning and transmission electron
microscopy, the present work shows that actin bundles are
continuous throughout the cell and that those bundles in the
chloroplast-free endwall region have a distinct distribution
from those associated with chloroplast files.

Additionally,

the organization of regenerated actin bundles in blue
light-irradiated areas of cells {in which an area of the
cell cortex is stripped of its chloroplasts and associated
actin fibrils) is compared to untreated regions of the cell.
These morphological observations are quantified and
discussed in terms of their implications towards the nature
of actin bundle immobilization and bundle organization
during cell ontogeny.
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INTRODUCTION
Intracellular motility is a common feature of
eukaryotic cells.

It is necessitated by the dynamic

relationships amoung the complex systems of cytoplasmic
organelles that are found in these cells.
of cell motility exist.

Two main systems

They are defined by the

cytoskeletal elements of which they are composed and upon
which they depend for force generation.

One is based on the

protein tubulin and functions in the form of microtubules.
The principal component of the other is actin containing
microfilaments.

Microtubule and microfilament systems form

the basis for virtually all intracellular motile activities.
A third

cyt~skeletal

component, intermediate filaments, has

a structural or tension-bearing role in some cells and does
not appear to have more than a supporting role in cell
dynamics.

Each motility system is a unique complex of

tubulin and/or actin that is complemented by associated
proteins which act as connectors, supporters, or ATPases in
either a labile or stable arrangement.
Although the two motility systems are morphologically
and biochemically distinct, their underlying molecular
mechanisms are similar.

Each can produce movement in two

ways: through a sliding mechanism or by the assembly and
disassembly of filaments.

The assembly and disassembly of

filaments effect movement as a consequence of
polymerization/depolymerization of either actin or tubulin

in response to certain cell stimuli.
1

By changing the
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chemical (ions, drugs) and/or the thermodynamic
(temperature, pressure, subunit concentration) conditions in
a cell,

assembly and disassembly of microfilaments and

microtubules can be controlled.
Both actin and tubulin exist in two functional states:
as soluble subunits and as assembled filaments (for reviews
of actin and tubulin structure, biochemistry and function in
cell motility see Shay, 1984; Stebbings and Hyams, 1979;
Fulton, 1984).

Actin polymers are formed by the assembly of

the 42 KD globular actin (G-actin) monomers into a
double-stranded filament (F-actin) that is twisted into a
helix 7 nm wide with a half-pitch

of 34 nm.

On the other

hand, microtubules are cylindrical structures approximately
24 nm in diameter with a central lumen 15 nm wide.

The

microtubular shell is made up of 13 longitudinal
protofilaments of tubulin, a dimeric globular polypeptide of
100 KD.

Each dimer is composed of two closely related, but

nonidentical, polypeptides called alpha-tubulin and
beta-tubulin.
Actin monomers and tubulin dimers are asymmetric
molecules in that there is a difference in the affinities of
free molecules over their surfaces.

This inherent polarity

is expressed in polymers of actin and tubulin as a
difference in the rate
their ends.

of growth and depolymerization at

The end that tends to add subunits is referred

to as the positive (+) end and the end that loses subunits
is called the negative (-) end.

3

The polarity of intact microfilaments and
can be visualized experimentally.

microtubules

Microfilaments bind Sl

subfragments of myosin in such a way as to give the
appearance of arrowheads and indicates the polarity of the
actin filament (Huxley, 1969).
the (-) end.

The arrowheads point toward

The myosin subfragment Sl results from papain

proteolysis and corresponds to one of the two globular heads
that bind to actin filaments in a muscle sarcomere.

The Sl

heads perform ATP hydrolysis which is imperative to
contraction.

Microtubule polarity, on the other hand, can

be determined by observing cross sections of microtubules
that have been exposed to free tubulin molecules under
specific experimental conditions.

The tubulin subunits

resemble hooks where they have attached to the outside of
the intact microtubules.

All the hooks point in the same

direction (pinwheel fashion), clockwise or counterclockwise,
depending on the polarity of the microtubule and the
direction of observation.
The polarity of actin and tubulin polymers is important
in regulating polymer growth and, therefore, influences
polymerization-generated movement.

A thorough understanding

of these mechanisms has not been attained, but some general
principles have been elucidated (Stossel et al. 1985).
Control over the loss or addition of subunits to polymers of
actin and tubulin may be gained through the selective
binding of "capping proteins" to one end or the other of
actin filaments or microtubules.

For instance,

under the
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correct cell conditions,

capping the negative end of a

filament would result in polymer growth; if this end were
anchored to some structure in the cell, movement could be
generated as polymerization took place.

Filament length

could be maintained by capping the positive end as well.
Other proteins may regulate polymer growth by binding to the
filament subunits dissolved in the cytoplasm, thus
prohibiting their incorporation into the polymer and
effectively inhibiting its growth.

A minimum or "critical"

concentration of monomers and dimers is required for net
growth to occur.
The acrosomal reaction of some echinoderm sperm (e.g.,
Thyone) is a good example of movement generated by the
polarized assembly of microfilaments (Tilney 1976).

When

the Thyone sperm head comes in contact with the
extracellular material of an

egg of the same species, the

90 urn long acrosomal process rapidly forms at a rate of 10
urn/sec and punctures the egg coating, allowing sperm and egg
membranes to fuse.

This structure consists of about 25

microfilaments that originate from a pool of G-actin located
in an indentation of the sperm nucleus just below the
acrosomal vesicle.

At the base of the G-actin pool is the

actomere, the structure responsible for anchoring the
acrosomal process.

It also behaves as a nucleating body

from which the microfilaments grow.

Periacrosomal material

subjected to sodium dodecyl sulfate polyacrylamide-gel
electrophoresis (SDS-PAGE) has revealed two other proteins
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in addition to actin which function in maintaining actin in
the depolymerized state.
Transient motility systems, found in most animal cells,
are contrasted with the stable filament assemblies in some
cells.

Stable systems have either actin or tubulin in

already polymerized and well organized structures that, in
all cases studied so far, generate movement through shear
forces (Satir, 1968; Huxley, 1969 ; Mooseker and Tilney,
1975).

The energy of shear or sliding is provided by a

specific ATPase.

The ATPase acts as a mechanochemical

transducer and reversibly attaches to and propels itself
along adjacent actin or mictrotubule filaments.

The sliding

filament mechanism was first derived from the study of
actomyosin-based contraction in striated muscle cells
(Huxley, 1976), but an analogous system exists in the
ciliary axoneme (Satir, 1968).

In this case, a dynein

ATPase generates microtubule sliding in such a way as to
create ciliary bending.

Actomyosin-dependent motility is

generally considered in terms of striated muscle.
The basic unit of muscle contraction, the sarcomere,
consists of parallel arrangements of actin (thin) filaments
which are interdigitated by bipolar myosin (thick)
filaments.

Thin filaments are attached at their (+) ends to

Z-discs which define the end boundaries of a sarcomere.
Thick and thin filaments overlap with the same relative
polarity (actin filaments on either side of a Z-disc have
opposite polarity) so that when the myosin ATPase heads
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"walk" along the actin filaments during muscle contraction,
the opposing free ends of actin approach each other, and the
attached Z-discs are effectively pulled along, reducing the
length of the sarcomere.

Certain modifications would be

required to explain actomyosin-dependent motility in
nonmuscle cells.

For instance, microfilaments might have

their (+) ends attached to an organelle or cell membrane.
These structures, rather than the Z-disk structure, would be
translocated (instead of the Z-disc structure) during
actin-myosin interaction.

Such a situation does indeed seem

to occur in the movement of organelles along microtubules
within nerve axons (Vale, et al., 1985).
One of the more conspicuous forms of intracellular
movement is cytoplasmic streaming in plant cells.

A variety

of labile and stable systems have been reported since this
type of motility was first described more than 200 years ago
(Corti, 1774, from Stebbings and Hyams, 1979) and have since
been classified according to the pattern of streaming
observed.

Five basic types of streaming in cells of green

plants have been recognized: saltatory, circulatory,
fountain, multistriate, and rotational (Kamiya, 1959: Allen
and Allen, 1978).

These patterns of streaming are not

always clearly delineated; variants and mixtures of types
exist within cells as well as progressions from one type of
streaming to another as cells differentiate.

Variations on

these patterns of streaming are also exhibited in fungi as
well as in protist and animal cells.
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The basic patterns of streaming can be described as
follows.

Saltation refers to cytoplasmic motion that is

irregular and undirected but is still quite distinct from
Brownian motion.

Circulatory streaming is seen in plant

cells having transvacuolar protoplasmic strands, such as
those comprising the staminal hairs of Tradescantia and
Gloxnia, and in the parenchyma of Allium.

Based on labile

filament assemblies, the particles propelled by this system
can change direction and speed independently; strands of
flowing cytoplasm continually change position and shape by
the branching and merging of the underlying (temporary)
filament assemblies.

Fountain or reverse-fountain streaming

is of a more ordered nature than saltation and circulation.
It is found in the root hairs of Tradescantia and in the
pollen tubes of some other plants.

It is developmentally

transitive toward rotational streaming.

Streaming that

occurs along channels that are separated by dormant
cytoplasm is termed multistriate.

Particles within the

stream may jump from one channel to another and individual
tracks can have separate directions and velocities. Perhaps
the most striking of the five types is rotational streaming.
A narrow strip of cytoplasm apposed to the cell wall streams
around a central vacuole at a fixed rate and direction under
the control of a stable filament assembly.

Unlike

circulatory streaming, there are neither transvacuolar
strands nor changes in the pattern of streaming.
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Rotational streaming has been studied most extensively
in the internodal cells of the freshwater green algae
Nitella and Chara, although it is observable in the cells of
numerous higher plants (e.g., Elodea and Lilium).

Nitella

and Chara have one of the most ordered actin filament
networks of any nonmuscle cell.

similar to skeletal muscle,

but unlike most other nonmuscle actins (which are relatively
unstable, being in dynamic equilibrium between monomer and
polymer forms), Nitella and Chara actin-based motility
systems are stable, well organized polymeric structures.
Nitella and Chara are the principal genera of the algal
class Charophyceae, which has a single order, the Charales.
The only extant family is the Characeae.

The principal

difference between the vegetative forms of Nitella and Chara
is that most Chara species have corticated internodes, i.e.,
they posess a single layer of cells surrounding a central
internodal cell, whereas Nitella internodal cells are
ecorticate.

Since all of the work on streaming in Chara has

been on an ecorticate species, studies on internodal cells
of one genera apply equally to the other.

For this study

Nitella was used and, henceforth, Nitella alone will be
referred to unless otherwise specified.

Economy and size

make Nitella internodal cells a favorite subject of
streaming studies; the plants are easily maintained within
the laboratory and the internodal cells (many per plant) can
grow as long as 10 em.

These elongate, cylindrical cells

possess a large central vacuole (bordered by a membrane, the
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tonoplast) which is surrounded by a narrow strip of
cytoplasm (Fig. 1, Nagai and Rebhun, 1966).

This belt of

cytoplasm has two parts: an outer stationary layer
(ectoplasm), within which are found rows of chloroplasts
(arranged in a gentle spiral to the long axis of the cell),
and an inner streaming layer (endoplasm) that follows an
identical helical path to that of the chloroplasts (Fig. 2).
The helical disposition of the chloroplasts is a direct
consequence of the spiral mode of growth of internodal cells
(Green, 1954).
The moving endoplasm flows at speeds between 40-100
urn/sec, or about ten times that found in other plant cells
(Kamiya, 1959).

The endoplasm carries with it nuclei,

mitochondria, spherosomes (membrane-bound particles
approximately 0.5 urn in diameter, Allen, 1974), and many
other cytoplasmic structures.

Since streaming is

unidirectional, the flow along one-half of the cell is
opposite to the direction of the other half.

A

chloroplast-free zone designates the boundary between the
two halves and is called the indifferent or null zone (Fig.
2) •

The interface between the stationary cortex and the
streaming endoplasm was suspected as the force-generating
site after velocity distribution studies on vacuole-perfused
cells identified this region as exhibiting the largest
streaming velocity ; streaming velocity decreases from the
sheer zone inwards towards the center of these evacuolate
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cells (Kamiya, 1960). When subcortical fibrils we re
discover ed with the light microscope at the postulated sheer
interface (Kamitsubo, 1966 and 1972), studies were quickly
underway to determine what role, if any, these structures
played in rotational streaming.

Various experimental

procedures were employed to elucidate the in vivo
characteristics of the subcortical fibrils.

Investigations

with the electron microscope revealed fibrils lying in close
association to the surface of the chloroplasts at the
endoplasm-ectoplasm interface (Nagai and Rebhun, 1966;
Pickett-Heaps, 1967).

Four to six fibrils were seen to run

continuously over each file of chloroplasts, the fibrillar
(and file) direction being parallel to that of streaming.
These fibrils were found to be bundles of 50-100
microfilaments, each 5 nm in diameter with an alternating
beaded appearance having an axial r epea t between 35 nm and
37.5 nm (Nagai and Rebhun, 1966; Pickett-Heaps, 1967). The
ultrastructural arrangement of actin filaments within a
bundle has not been determined as yet, hence the terms
"bundle" and "fibril" are preferred over other labels such
as "cable", which implies twisted elements and "fibers",
which d e notes a structure visible to the naked eye (Allen
and Allen, 1978).

Since both the dimensions and appearance

of these microfilaments were similar to those r eported for
F-actin from animal cells, it became supposition that the
bundles of filaments consisted of actin.
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The actin composition of Nitella microfilaments was
confirmed when they were treated with heavy meromyosin
(HMM), the large fragment of myosin tryptic digests
(includes Sl) from rabbit striated muscle (Palevitz, et al.,
1974; Palevitz and Hepler, 1975).

The treatment resulted in

an arrowhead design and was removable with ATP, diagnostic
ofF-actin (Huxley, 1969).

Observations of HMM-treated

bundles in situ (Kersey et al., 1976) showed that the
arrowhead complexes all pointed in the same direction,
opposite to cytoplasmic flow.

Myosin is arranged in an

analogous manner along the polarized actin filaments in
striated muscle sarcomeres (Huxley, 1970).

Biochemical

analysis of an acetone powder extract from Nitella further
showed a band with the same mobility as muscle actin,
indicating a molecular weight of 42 KD (Palevitz, 1976).
These investigations were the first to determine the
existence of actin in a plant cell.

Actin now appears to be

a ubiquitous component of plant cells (Parthasarathy et al.,
1985).
The effects of actin-specific drugs on Nitella
streaming have firmly established that actin is responsible
for force generation in rotational streaming.

Cells

incubated with cytochalasin B (Bradley, 1973; Nagai and
Karniya ,1977; Williamson, 1972; Nothnagel et al., 1981) or
erythro-9-[3-(2-Hydroxynonl)] -adenine (Schliwa, et al.,
1984) lost streaming capacity without changing
ultrastructurally, and streaming inhibition could be
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reversed with removal of the drug.

In fact, cytochalasin B

treatment imparted new stability and resistance to chemical
attack that would otherwise depolymerize bundles
(Williamson, 1978).

Phalloidin, presumably by stabilizing

actin filaments, reduces the inhibitory effect of
cytochalasin B (Nothnagel et al., 1981).

Furthermore,

introduction of a HMM with a partially disabled ATPase
activity inhibits streaming even in the presence of ATP
(Nothnagel et al., 1981).

All in all, these experiments

illustrate that functional actin bundles are physically and
biochemically required for force generation.
The structural morphology of Nitella's motility network
alone suggests that the mechanism of force generation
involves an actomyosin interaction, but the location and
organizational state of the myosin molecules have yet to be
elucidated.

Myosins, in general, exhibit greater

variability in molecular structure than actin and are
present in much lower concentrations.

The biochemical

extraction of myosin has been reported only once (Kato and
Tonomura, 1977) and it has not been definitively located by
microscopic means (Allen, 1980).
evidence exist, however,

Several lines of indirect

that are consistent with the

hypothesis that streaming results from an interaction
between actin in the cortex and a myosin-like ATPase in the
endoplasm.
Differential treatment of the cortex and the endoplasm
with N-ethylmaleimide, an irreversible inhibitor of
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actin-activated muscle myosin Mg++-ATPase activity, resulted
in an irreversible loss of streaming in the endoplasm.
Cells were prepared by centrifugation, and subsequent
ligation, such that one end of the cell contained most of
the endoplasm.

Treatment of the opposite end of the cell

(low endoplasmic content) had no effect (Chen and Kamiya,
1975).

On the other hand, the cortex, and not the

endoplasm, of cells treated in the same manner with
cytochlasin B exhibited inhibition of streaming (Nagai and
Kamiya, 1977).

The issue of myosin's degree of

polymerization and whether myosin interacts with actin as
individual molecules, attached to membrane-bound organelles,
or is incorporated into a fibrous network remains obscure,
however.
A theoretical investigation (Nothnagel and Webb, 1982)
into the hydrodynamic feasibility of myosin-endoplasm
viscous coupling models concluded that !)individual myosin
molecules moving along actin bundles could not exert enough
viscous pull to effect bulk flow of the endoplasm at the
observed velocities; 2)although improving viscous coupling
to the endoplasm, organelles with attached myosin molecules
could not sufficiently maintain cytoplasmic streaming
velocities; 3)an endoplasmic fibrous network can easily
generate the observed streaming velocities as it is pulled
along by attached myosin molecules interacting with the
actin bundles.

Supportive of this was the observation of a

fibrous network, presumably consisting of myosin, extending
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into the endoplasm (Allen and Allen, 1978). Using high
resolution cinemicrography, Allen (1974) detected
endoplasmic filaments that exhibited wave-like undulations.
These filaments appeared to transport particles in contact
with them at up to shearing velocities.

But as yet, no

experimental system has been devised to unequivocally
document force generation by endoplasmic fibrils as
suggested by Allen (1974).

Endoplasmic organelles connected

to and moving along microfilament bundles which were
maintained in a cell-free environment have been directly
visualized by Kachar (1985).

In ultrastructural studies by

Nagai and Hayama (1979), globular bridges have been seen to
protrude from the organelles in an orderly fashion and it
has been suggested that they represent myosin molecules.

In

addition, an in vitro system of Nitella actin bundles
produces movements of myosin-coated beads (Sheetz and
Spudich. 1983).
The molecular mechanisms behind Nitella actin bundle
organization are inferred from studies on cytoskeletal
systems of varied, and often dissimilar, nature.

All

cytoskeletons do, however, share a common fundamental
design, because the intrinsic structural proteins (actin,
tubulin, intermediate filaments) have, in general, been
highly conserved throughout evolution.

Modifications in the

accessory proteins have imparted each cytoskeleton with
functional specificity.

The regions of cytoskeletons

associated with membranes, for instance, are attached to
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transmembrane proteins in either of two ways: directly or
via one or more intermediate globular proteins that act as
filament-membrane linkers.

Again, the specific proteins

involved for each system can be highly variable.

Still, it

is warranted to say that the molecular details underlying
actin bundle organization in Nitella share similarities with
other actin-containing cytoskeletons.
This investigation has attempted to complete the
morphological description of actin bundle distribution
throughout the Nitella internodal cell.

While actin fibrils

have been readily observed on the chloroplast files along
the length of internodal cells, the appearance and
organization of actin bundles at the ends of the cell, where
chloroplasts are absent, has not been previously described
or quantified.

Determination of these organizational

parameters will help clarify the nature of the cytoskeleton
accessory proteins that maintain bundle organization as well
as reveal some aspects of the ontogenic events that regulate
the assembly of this cytoskeleton.
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MATERIALS AND METHODS
Cultures of Nitella axillaris Braun were grown in a soil
extract medium and maintained as previously described
(Richmond, 1983).

Experimental shoots with l-5 em long

internodal cells were harvested from 3-6 week old cultures.
The shoots were placed into growth medium obtained from the
vessel in which they were last maintained.

Shoot segments,

consisting of a large internodal cell and the apically
positioned internodal cells and meristimatic tip, were
prepared for experimentation by trimming away side branches
from the nodal cells.
Transmission Electron Microscopy
Fixation.

Debranched specimens were first fixed in 1%

glutaraldehyde, made in growth medium from a 25% stock
solution, for l hr.

All fixation chemicals and embedding

media were obtained from Electron Microscopy Sciences (EMS;
Fort washington, PA).

Primary fixation and all subsequent

steps for TEM, SEM and the window technique were carried out
at room temperature.

After washing in growth medium six

times over a period of 1 hr, the shoot segments were
post-fixed in 1% Os04, made in growth medium from a 4% stock
solution, for 30 min and then washed twice quickly in soil
extract.
In addition to the above protocol, tannic acid was used

in conjunction with glutaraldehyde in an attempt to better
preserve and stain the actin bundles for TEM (Begg et al.,
1978).

Various concentrations of tannic acid were assessed
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(see Results).

If not otherwise specified, tannic acid was

included at a concentration of 0.2% for all fixation
procedures.
The post-fixed cells were transferred to a plastic
petri dish containing growth medium and cut to isolate the
endwalls.

Cutting was accomplished with a razor blade chip,

held in a needle holder (3881-MlO, Thomas Scientific,
Philadelphia, PA).

Shoot segments were cut so that about 1

em remained of the internodal cells on each side of a node.
Trimming was completed within 20 min after Os04 fixation;
internodal cells had a tendency to collapse on themselves if
left intact in the growth medium for longer than 20 min.
Dehydration and Embedding.

The resulting pieces were

transferred to plastic cups and dehydrated by an infinite
dilution technique, first with 90% and then with 100%
acetone in the following manner: 90% acetone was added
dropwise with a plastic pipet to the specimens until, by
alternatively adding acetone and removing the resulting
acetone/soil medium solution, the cell segments were in an
essentially pure 90% acetone solution.

In a similar manner,

100% acetone was introduced to the Nitella specimens.

After

2 hr in this state the pieces were considered water-free and
ready for embedment.
Spurr low viscosity embedding resin (Spurr, 1969) was
introduced to the cell segments in a stepwise manner,
beginning with the dropwise addition of an equal volume of
25% resin to the specimens in 100% acetone.

After 15 min of
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continuous mixing on a rotator (TekPro TekTator, American
Scientific Products, McGaw Park, IL), half the total volume
of this mixture was removed and replaced with 25% resin.
After an additional 30 min on the rotator, the cell segments
were placed into the following concentrations of resin for
30 min each and agitated continuously: 50%, 75%, and 100%.
For thorough permeation of resin into the Nitella material,
the cell segments were transferred to a second container of
100% resin and continuously agitated for another hour.
Finally, the cell rings were placed into fresh resin in flat
embedding molds (EMS) and were positioned in the mold
according to the desired sectioning plane (parallel or
perpendicular to the long axis of the internodal cell).

The

resin was polymerized over 16-24 hrs in a 70 degree C oven.
Sectioning and Staining.

The polymerized resin blocks were

removed from their molds and trimmed into trapezoidal
pyramids having a flat top at the desired level for
sectioning.

Uniform gold and silver sections were cut on

either glass or diamond knives using a Reichert Om U2
ultramicrotome (Reichert Scientific Instruments, Sunnyvale,
CA).

They were mounted on Formvar-coated (0.5% formvar

solution in ethylene dichloride; EMS), slotted copper grids
(prepared according to Hayat, 1970), stained with 2% uranyl
acetate and lead citrate, rinsed in distilled water and
examined in a Jeol 6A transmission electron microscope at 80
kV.
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Scanning Electron Microscopy
Unless otherwise noted, a low-speed centrifugation of
debranched shoot segments was carried out to pellet the
endoplasm (the portion that streams).

This step produces a

clearer field for the visualization of the actin bundles.
The debranched specimens were placed into 16xl00 rnrn
polycarbonate centrifuge tubes, with their apical ends at
the tube bottoms, and spun at room temperature for 5 min at
1500 rpm (370 x g) in an HB-4 swinging bucket rotor in an
RC2-B Sorvall Refrigerated Centrifuge (Dupont, Wilmington,
DE) .
After centrifugation the specimens were immediately
transferred with forceps to the primary fixative solution so
that the endoplasm did not redistribute due to a resumption
of streaming.
those for TEM.

The fixation procedures were the same as
Nodal pieces were cut as described above for

TEM.
Freeze-drying.

The node pieces were prepared for

lyophilization by immersing the lyophilizing vessel (100 ml
VirTis freeze-drying flask), containing the specimens (each
in a drop of medium), into liquid nitrogen to quickly freeze
them.

The lyophilizing vessel was attached to a Labconco

Model 3 lyophilizer held at a temperature of -50 degree C
and a vacuum of about 5 x 10 -2 Torr.

To maintain the

specimen's low temperature while the vacuum in the
lyophilizing vessel was established, the vessel was kept in
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contact with liquid nitrogen for a few minutes.
Lyophilization was continued for 8-16 hr.
Specimen Mounting.

To expose the subcortical actin cables

for viewing with the SEM, the pieces (node with attached
internodal cell ends) were sliced lengthwise into two halves
and mounted on a specimen stub.

Additional cuts were made

at the nodal end of the cell (Fig. 3) to achieve a somewhat
flattened cortical surface.

At this stage the specimens

were quite brittle and care had to be taken not to press the
endwall region too firmly lest cracking of the concave
surface should occur, which would destroy the continuity of
the actin bundle system.
Specimen Coating.

Mounted specimens were stored in a

dessicator until they could be coated with gold.

Coating

was done in an SPI sputter coater (Structured Probe, West
Chester, PA). The coater was adjusted to a working distance
of 2 inches and a vacuum set at greater than 200 microns (2x
10 -1 Torr).

A current of between 65 and 70 amperes was

applied for 10 seconds.
about 20 nm in thickness.

The result was a surface coating of
Observations were made on the

following three instruments: an ISI SX-30 SEM (International
Scientific Instruments, Santa Clara, CA), a Cambridge
Stereoscan 90B (Cambridge Instruments, Santa Clara, CA) or
an S-800 Hitachi SEM (Nissei Sangyo America, Mountain View,
CA).

Operating voltages were either 5kV, lOkV, or 15kV.
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Window Technigue
Debranched shoot segments were placed into culture
chambers affixed with notched silicon rubber shims, in order
to position the cells close to the coverslip.

The chambers'

perimeters were ringed with silicon rubber to support large
glass cover slips for
Irradiation.

nondisru~tive

viewing.

Cells were irradiated at or near the end wall,

in order to retard cell collapse during freeze-drying
procedures.

Irradiation was performed by focusing a light

beam (HBO 50 mercury burner) from a Zeiss epifluorescence
microscope (Carl Zeiss, Thornwood, NY) using a 16x Neofluar
objective (NA=0.40) with an FITC filter set (48-77-09),
giving a peak excitation of 475 nm.

A heat reflection

filter (46-78-32) was also included in the beam path.

The

diameter of the irradiated area was controlled by the field
diaphragm and was adjusted to yield an area between 100-250
urn in diameter.

As a marker of the streaming direction, the

upper surface of the cell, positioned so that the streaming
endoplasm was directed away from the endwall, was irradiated
with a larger diameter beam than the opposite surface
(streaming toward endwall).

Irradiation was performed by

irradiating the upper cell surface for 10 min followed by a
refocusing of the beam on the lower surface for 10 min.

The

cell specimens were then set aside to allow the now bleached
and swollen chloroplasts to be cleared away and for actin
bundle regrowth to occur (see Results).

Cell specimens were
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then centrifuged, fixed,
described.

and mounted for SEM as previously
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RESULTS
Sidewall
ln an attempt to optimize TEM visualization of actin
bundles, especially along the endwall, a number of primary
fixative combinations were tested.

No noticeable

differences were seen among specimens whose protocols
included tannic acid, regardless of the tannic acid or
glutaraldehyde.concentrations tested.

Combinations tested

included 0.2%, 0.1%, and 0.0% tannic acid.

The typical

appearance of chloroplasts, associated actin bundles, and
endoplasm is shown in Figs. 4 and 5.

Cytoplasmic density

and visibility of actin cables, chloroplasts and other
cytoplasmic organelles were not appreciably affected with
the different tannic acid concentrations.

When tannic acid

"'as omitted from the primary fixative solution, however,
actin bundles were not seen in parts of the cell's ectoplasm
(data not shown) in locations where, in other preparations
(see Figs. 15-17), actin bundles were readily seen.

It

should be noted, however, that previous studies (Nagai and
Rebhun, 1966; Pickett-Heaps, 1967; Bradley, 1973; Palevitz
and Hepler, 1975; Richmond, unpublished results) have shown
actin bundles with fixation procedures that did not include
tannic acid.
Efforts were made to take full advantage of the direct
visual access afforded by SEM to the internodal cell
cortical surface.

Since the freeze-drying procedure results
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in a powdery deposition of cytoplasm that often masks the
actin bundles along the ecto/endoplasmic interface (Fig. 6),
centrifugation of specimens was carried out to aid in the
visualization of actin bundles.
that follows freeze-drying (see

The preparation procedure
~laterials

and Methods)

produces a cell that is effectively viewed from its interior
outward.

Consequently, the interior surfaces of the

ectoplasmically located chloroplasts are directly viewed.
The linear continuity of the chloroplast-actin network is
seen particularly well in such preparations (Fig. 7).

At

higher magnification, assorted cytoplasmic organelles that
did not pellet during centrifugation can be seen in
association with, or deposited on, chloroplasts and the
plasma membrane.

Small organelles, presumably spherosomes

and mitochondria (Fig. 8), in addition to what appear to be
pieces of tonoplast or endoplasmic membrane (Fig. 8,9,10),
were apparently deposited as a condition of freeze-drying.
Interestingly, in some instances, chloroplasts were
dislodged during SEM preparation (Fig. lla), exposing
mitochondria which were arranged ring-like under the
periphery of each chloroplast (Fig.

llb).

This arrangement

had not been reported previously.
In particularly clear preparations (Fig. 8),
microtubules, approximately 25 nm in diameter, are apparent
just inside the plasma membrane.

They are arranged in a

scattered manner, at angles more or less perpendicular to
the direction of streaming.

The location, size, and
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distribution of these linear elements indicates that they
are microtubules (Richmond, 1977).

Microtubules had not

previously been seen by SEM in Nitella.
SEM micrographs were taken of many internodal cells for
the purpose of characterizing the subcortical actin network
typical of the specimens used in this study (e.g., in Fig.
7).

The character and dimensions of actin bundles

associated with chloroplast files were usually as follows•
4-6 bundles per chloroplast file, with a mean distance
between the centers of two bundles being 0.68 urn (Table I).
The mean diameter of an actin bundle as measured from the
SEM micrographs was 0.16 urn (Table I).

TEM thin sections

illustrating actin fibrils in cross-section similarly showed
actin bundles 0.23 urn in diameter and spaced approximately
0.81 urn apart.
The null zone, in contrast with most of the sidewall,
is bordered on each side by a chloroplast file with no more
than one actin bundle running along the file's outer margin
(Fig. 12).

These chloroplast files look no less organized

than those with the usual number of actin bundles.
Bundles are intermittently found between chloroplast files
in the sidewall region (Figs. 4 and 7), possibly associated
with the plasma membrane. Chloroplast-associated bundles
frequently are seen to split and rejoin after some distance
(Fig. 10; Fig. 15b appears to show a branching bundle
captured in thin section) or to cross over to an adjacent
chloroplast file.

The split segments appear thinner in
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diameter than the parent bundles suggesting that the bundles
did indeed split.

In some cases branching occurred to such

an extent that the number of bundles per chloroplast exceeds
the normal range (Fig. 10).
single file,

In between chloroplasts along a

the bundles are sometimes slack or broken

(Figs. 8 and 9), apparently an artifact of preservation.
Endwall
Inspection of the endwall region with SEM reveals that
the chloroplast files terminate just prior to the endwall
area of the internodal cell, while the actin bundles
continue along and, presumably, complete the circuit around
to the other side of the cell (Figs. 13a and 14).

An

unbroken endwall, necessary for viewing a continuous actin
bundle, was not achieved in any of the preparations (see
Fig. 3).

Thin sections viewed by TEM confirm the assumption

of endwall continuity, however.

Cross-sections (Figs. lSa

and lSb) through the ectoplasm at the tip of the cell
indicate that actin bundles traverse this region.

A section

taken further away from the tip captures the actin bundles
obliquely (Fig. 16). In this zone the bundles turn the
corner from the side of the cell, containing the
chloroplast-actin network, to the endwall region.
Longitudinally sectioned specimens further demonstrate these
findings.

Actin bundles continue beyond the last

chloroplast in a file (Fig. 17).

The bundles appear as

short segments as they curve towards the endwall (Fig. 18a),
while appearing in cross-section at the tip of the endwall
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(Fig. lBb). Along the endwall the bundles are seen to be
closely associated with the cell membrane.

This observation

is consistent with SEM views where the bundles appear to
settle onto the plasma membrane (Fig. l3b).

The difference

between bundle positioning at the endwall and on
chloroplasts is especially evident near the ends of
chloroplast files (Figs. l3b and 14).

The bundles that

appear between files in this transition zone are at a
distinctly different level from those still associated with
chloroplast files.
In comparison with the chloroplast-actin network that
exists along the length of the cell, chloroplast files in
the transition zone sometimes appear closely grouped.

In

some specimens the chloroplast files even overlap (Fig. 14).
These chloroplasts appear somewhat flattened and elongate in
the SEM (Figs. 13 and 14), an observation that has not been
corroborated by TEM.
A significant difference between the endwall and
sidewall regions is that the actin bundles in the endwall
region (not associated with chloroplasts) are spaced evenly
across the width of the cell without the gaps that are
present between chloroplast files (Fig. 13a and 14).

In

order to detect correlations between the spacing patterns of
actin bundles on chloroplasts and those of the endwall, the
number of bundles per micrometer (bdl/um) was computed for:
l)the actin bundles associated with single files of
chloroplasts, 2)a span of the sidewall area including the
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interfile spaces, 3)the actin bundles well into the endwall
region, and 4)the actin bundles in the transition zone
immediately beyond the chloroplasts (Table II).
Due to variations between different specimens,
meaningful comparisons of cortical organization are best
made within individual specimens.

The Student's t-test at

the 0.5 level was employed to determine if differences
between the spacing of actin bundles in the aforementioned
regions were significant.

It was found that

chloroplast-associated bundles and bundles of the endwall
occur at statistically equal intervals whereas there is no
correlation between bundle spacing values taken of a span of
sidewall (including the interfile spaces) and the bundles at
the ends of the cell (Table II).

These findings indicate

that there is an increase in bundle number as the transition
is made from the chloroplast-associated bundles along the
sides of the cell to the chloroplast-free regions at the
ends of the cell.
Irradiated

Windo~/s

Immediately following irradiation, the chloroplasts in
the irradiated area bleach and swell to about twice their
normal size.

They also lose their regular arrangement.

Within 12 hrs these chloroplasts are usually dislodged and
carried away by the streaming endoplasm.

Actin bundles are

removed along with the bleached chloroplasts.

After

clearing of chloroplasts and actin, streaming is passive in
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the window, the endoplasm being "pushed in" on the one side
and "pulled away" on the other.
Actin bundles regrow across irradiated windows within
about 24 hrs.

Completion of bundle regrowth is indicated by

the return of active streaming to the cleared zone.

Using

immunofluorescence to follow the regeneration of
antibody-labeled actin, it has been

sh~~n

that bundle

regrowth takes place in a polarized manner according to the
direction of streaming (Williamson, 1984); it originates
from the ends of bundles that deliver the endoplasm to the
clear zone and not from bundles removing endoplasm.

SEM

viewing shows that the actin bundles in the irradiated
window are evenly spaced across its width (Fig. 19).
Differences, however, are evident between the appearance of
actin bundles at the two ends of the window.

Those at the

end of the window receiving the endoplasmic stream are
disorganized and have an irregular spacing pattern (Fig.
20). The spacing pattern of actin bundles in the center of
the window, and at the side where growth originates, is
slightly wider than that of bundles upon chloroplasts
outside the window region and nearly
equal to the overall bdl/um value obtained from a span of
the sidewall region (Table III).

This pattern indicates

that no additional actin bundles are generated during
regrowth.

These results were determined with measurements

and computations similar to those applied to endwall and
sidewall actin bundles.
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DISCUSSION
It has been well established that the fibrils found at
the ectoplasm-endoplasm interface of Nitella internodal
cells are composed of actin filaments (Palevitz et al.,
1974; Palevitz and Hepler, 1975; Palevitz, 1976) and that
these actin bundles are the basis for cytoplasmic motility
in these cells (Williamson, 1972; Bradley, 1973; Nagai and
Kamiya, 1977; Nothnagel et al., 1981).

Along the lengths of

internodal cells, actin bundles are arranged in groups of
four to six along the inner surface of

chloroplast files.

The chloroplasts are embedded within the stationary
ectoplasm of the cell cortex (Fig. 2).

At the ends of the

cell, where chloroplast files are absent, the present work
has shown that actin bundles continue around the endwall and
span its width.

Actin bundles in this region appear to

associate directly with the plasma membrane within a very
thin layer of ectoplasm.
In this study the organization of the Nitella actin
network has been assessed in terms of the possible
connections that immobilize actin bundles and maintain their
arrangement at the ectoplasm-endoplasm interface.

From this

assessment, inferences can be made about the ontogenetic
events that regulate bundle orientation, spacing, and
arrangement throughout the cell.

The information gathered

thus far strongly suggests that precise and discrete
controls exist for the development and maintenance of actin
bundles in the sidewall and endwall regions.

These controls
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would likely be implemented via cytoskeletal accessory
proteins that would regulate bundle assembly and maintain
cortical organization.

The organizational differences

between subcortical bundle organization in the endwall and
sidewall regions are indicative of regulatory controls
distinct to each region.

However, the consistency of bundle

spacing, regardless of the substrate to which bundles are
attached, and the bundle deposition pattern signifies that
some organizational factors are common to both cell regions.
As a means of gaining visual access to the cell cortex
for cytoplasmic streaming studies, irradiation of internodal
cells was initially employed to remove chloroplast files
(Kamitsubo, 1972).

Recently, this method has been used in

studies on the determinants and dynamics of actin bundle
assembly, bundle immobilization, and bundle orientation
during regrowth across window areas (Williamson, 1984).

One

of the drawbacks to this approach is that actin bundle
regrowth takes place in mature cells in which the genetic
influences required for growth and development may no longer
be active.

Irradiated cells appear to represent a system in

which the early developmental determinants of bundle spacing
are absent.

The spacing and organization of actin bundles

in regenerated areas, although unlike the rest of the cell
cortex, nonetheless provide valuable information about the
normal ontogeny of bundle growth.
The present investigation has concentrated on
completing the morphological description of actin bundle
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distribution throughout the Nitella internodal cell.

SEM

was found to have certain advantages over TEM in analyzing
this organization.

SEM affords a topographical view of the

internodal cell cortex, making three-dimensional
reconstruction (inherent in TEM) unnecessary, and greatly
simplifies the interpretation of results.

Centrifugation

and freeze-drying protocols for SEM, however, are procedures
that may disrupt the integrity of chloroplasts and actin
bundle attachments, creating a situation in which the
general results must be corroborated.

In the present work,

SEM observations that could not be substantiated with the
TEM and/or published results have been considered artifacts
of SEM preparation in some cases.

Nonetheless, these

observations can also yield information.

For instance,

slack or broken actin bundles between chloroplasts in a
file, seen only in the SEM, indicate that the in vivo
elasticity of actin bundles (Green, 1964) is lost or greatly
diminished during fixation.
In freeze-dried specimens, small organelles, presumably
spherosomes (Kamiya and Kuroda, 1956) and/or mitochondria
(Kersey and Wesssells, 1976), were visible on chloroplasts
and on the plasma membrane along the end wall.

The larger

vesicles seen in these preparations have not been correlated
to a structure in the living cell.

Whether the smaller

particles are associated with membranes in the living cell
or have simply settled onto the membranes of the cortex and
chloroplasts during freeze-drying cannot be determined with
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the present techniques.

While organellar transport in the

streaming endoplasm of a living cell is a well documented
observation (Kachar, 1985), Kersey (1972) also reported
mitochondria in association with microfilament bundles in
preparations of Chara cells.

Mitochondria may, in addition,

be immobilized, as seen by their location around
chloroplasts of the cell cortex (see Fig. 11).
Other studies utilizing freeze-drying procedures
(Kersey and Wessells, 1976) have reported collapsed
chloroplasts and areas of cortex extensively covered by
pieces of membrane (thought to be the tonoplast or
endoplasmic reticulum).

Collapsed chloroplasts were seen in

only the poorest of our material (results not shown) and
the problem of apparent membrane deposits was alleviated by
centrifuging the cells prior to fixation.

Low speed

centrifugation of specimens prior to SEM fixation gave
superior results over those left uncentrifuged and provided
an unhindered view of the inner cortical surface.
Centrifugation can effectively pellet the endoplasm without
apparently distorting the actin bundles nor their membrane
associations.

This technique has not, however, been used by

other investigators.
In addition to actin, microtubules are present in
internodal cells but are not involved in the bulk flow of
cytoplasm.

They are found only in the ectoplasm immediately

inside the plasma membrane, or about 2-3 urn from the shear
interface (Nagai and Rebhun, 1966); these microtubules are
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positioned obliquely or perpendicular to the streaming axis
of the cell.

Shear-generated forces causing such phenomena

as rotational cytoplasmic streaming and anaphase chromosome
movement are transmitted along the length of the filaments
responsible.

If microtubules were responsible for

cytoplasmic streaming in Nitella they would be expected to
be oriented parallel to cytoplasmic flow and to be located
at the shear interface.

Moreover, Nitella internodal cells

treated with colchicine, a drug that selectively destroys
microtubules, does not have any effect on streaming
(Bradley, 1973).

Consequently, while they are an important

member of the filament system upon which, among other cell
functions, some forms of cell motility are based, any direct
role of microtubules in Nitella streaming has been ruled
out.

On the other hand, cortical microtubules of plants

have been implicated in organizing the deposition of
cellulose microfibrils in the cell wall (Heath and Seagull,
1982) and, in this manner, might be involved in selected
enzyme movements within the cell membrane.
Actin bundles were first visualized in Nitella by TEM,
without the aid of tannic acid {Nagai and Rebhun, 1966).
Our inability to detect actin bundles in thin sections
prepared without tannic acid in the fixative solution is
considered the exception and not the rule. The early
citations on the visualization of actin bundles by TEM came
before tannic acid was utilized as an ingredient in fixative
solutions.

Although there were differences between the
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composition of glutaraldehyde solutions in the references
and the one used here,

it is doubtful that these

differences would account for a loss of bundle stabilization

in the present work.

Even though tannic acid is a reliable

stain for actin and enhances the preservation and
substructural detail of filaments (Futaesaku, et.al, 1972;
Pollard, 1976; La Fountain, et.al, 1977), it is known to
accumulate increasingly on actin bundles as the exposure
time or its concentration is increased (Futaesaku, et.al,
1972; Seagull and Heath, 1979; Heuser and Kirschner, 1980).
Consequently, the quantitation of bundle thickness may be
distorted if tannic acid were applied in excess.

If the

concentration of tannic acid is kept to a small but
effective amount (the consensus seems to be that 0.2% is
best; La Fountain, et.al, 1977; Pollard, 1976; Seagull and
Heath, 1979), the benefits of tannic acid outweigh the
effects it may have on certain measurements.

For the

present study in particular, if the dimensions and spatial
organization of the chloroplast-associated actin bundles
recorded for SEM-prepared specimens correlate with published
values of non-tannic acid treated Nitella, it is reasonable
to assume that the actin bundle network throughout the cell
has been accurately preserved.

That reliable preservation

has indeed been accomplished is shown by such a comparison
in Table I.

In addition, cross-sections of bundles seen in

this study with TEM yielded similar results.
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Actin bundles reacting with an endoplasmic
mechanochemical transducer, presumably myosin, generate the
force for streaming.

When such a force is applied to the

endoplasm, the actin bundles and the chloroplasts to which
they are attached experience an equal force in the opposite
direction.

Since neither bundles nor chloroplasts move in

the streaming cell, both these structures must somehow be
restrained in the cortical cytoplasm.

Williamson (1985) has

illustrated the existence of a cortical cytoskeleton, with
light

microscopy and SEM of detergent extracted cells, that

may be responsible for chloroplast immobilization.
Additionally, it may account for the physical
characteristics of the gel-like ectoplasm in which the
chloroplasts are embedded.

This cytoskeleton is a fibrous

layer between the plasma membrane and chloroplasts that
remains after detergent solubilization of cortical
(membranous) contents and is sensitive to agents that
disrupt protein-protein interactions (e.g., EDTA,
thioglycollate and trypsin).
While studies on Nitella have not yet defined the exact
mode by which the subcortical actin bundles are immobilized
in the cortical cytoplasm, various lines of evidence
indicate that actin bundles associate with the membranes of
chloroplasts and the plasmalemma independent of the sort of
cortical cytoskeleton described by Williamson (1985).

For

instance, mechanically dislodged chloroplasts remain
attached to actin bundles and these long files move in the
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direction opposite to that of the displaced endoplasm under
streaming conditions (Kamiya and Kuroda, 1964;
Higashi-Fujime, 1980).

Also, centrifugal forces that pellet

the endoplasm fail to displace either chloroplasts or
subcortical actin bundles, indicating a possible
interconnection between these two structures.
It is questionable whether actin bundles in
chloroplast-free areas such as along the endwall and in
irradiated windows are restrained via the type of
cytoskeleton described above.

The proximity of actin

bundles to the plasmalemma, not only in the endwall region
but in irradiated windows, as seen in TEM thin sections
(Fig. 18b), indicate almost direct attachment to the
plasmalemma.

Furthermore, TEM visualization shows that the

cortical cytoplasm in the region of the endwall is
strikingly shallow in comparison to other areas of the cell,
too shallow, it appears, to accomodate a cortical
cytoskeleton.

How, then, are actin bundles immobilized in

the cortical cytoplasm?

A look at other cytoskeletal

networks, especially those based on actin filaments, may
provide some answers.
It is becoming increasingly evident that the mechanical
properties of cell surfaces reflect contributions from both
the plasma membrane and from a cytoskeleton that is
physically associated with integral membrane proteins (e.g.,
see Fulton, 1984).

The molecular details of such linkages

provide us with models that can be related to Nitella
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internodal cells.

These models may then help to elucidate

the manner in which the actin bundle network of Nitella
cells is immobilized against the chloroplast membranes and
the plasmalemma.
The proteins that govern the configuration and behavior
of actin-based cytoskeletal structures are particularly well
documented.

Several dozen such actin-binding proteins have

been reported, many of which are common to a variety of
cells.

Two types of interactions between membranes and

actin filaments have been proposed.

The first type, the

binding of barbed ends of filaments to cytoplasmic membrane
surfaces, is evidenced by the polarized S-1 decoration of
actin filaments associated with plasma membranes from many
different cell types (Ishikawa, et al., 1969: Begg, et al.,
1978).

Actin filaments can also associate laterally with

membranes.

This second type of interaction is evident in

electron micrographs illustrating membranes associating with
undecorated actin filaments (McNutt, 1978: Hirakawa and
Tilney, 1982) as well as the visualization of lateral
associations between F-actin and membrane-associated
actin-binding proteins in solution (Howe and Mooseker,
1983).
A number of systems have been described in varying
degrees of molecular detail regarding the lateral
association of actin filaments with the plasma membrane.
The human erythrocyte membrane (an overview of this
cytoskeletal system can be found in Bennet, 1985) and the
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intestinal microvillar membrane (for a review see,
Bretscher, 1983 and Mooseke r e t al., 19 84 ) arc the only
systems in which the sequence of proteins linking F-actin to
the cell surface are beginning to be understood.

In both

cases actin is associated indirectly with the membrane
through various actin-binding proteins.
are either end-on or lateral.

The associations

Many of the actin- binding

proteins only bind under specific or metabolically-regulated
conditions (e.g., by phosphorylation, ~icromolar [Ca++], or
ATP) which may disqualify them as being the specific
proteins involved in the bundle-membrane associations of
Nitella .

These systems do, however, illustrate the

existence of proteins whose morphologies and function
parallel those that act in Nitella internodes as
microfilament bundling factors, bundle spacing factors, and
as connectors to the plasma membrane .
Actin may also be able to interact directly with some
integral membrane proteins, in contrast to the indirect
linkages found in the erythrocyte and the intestinal
microvillus .

The cellular slime mold, Dictyostelium

discoideum, for instance, contains in its plasma membrane
one or more integral membrane proteins that bind directly to
the sides of actin filaments (Luna, et al., 1984;
Goodloe-Bolland and Luna, 1984).

In some other cells the

actin-binding membrane proteins are also receptors for
extracellular substances such as collagen and laminin
(Repraeger and Bernfield, 1982; Brown et al., 1983).

It has
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been proposed that binding of these ligands externally
modulates the arrangement of the intracellular actin
cytoskeleton (Sugrue and Hay, 1981; Tomasek et al., 1982).
The lipids and proteins that comprise a plasma membrane
are dictated by the functional and structural requirements
of that plasma membrane.

Functionally, the most important

constituents of the plasmalemma are its proteins.

Membrane

proteins may act as specific receptors for external ligands,
as transmembrane transporters of molecules that are
otherwise excluded, and even as enzymes for specific
membrane surface reactions.

In the case of Nitella, one

must consider the logistics involved in a system that
requires actin bundles to bind two distinct membranes: the
plasmalemma and the outer chloroplast membrane.

In general,

actin's lateral association with membranes can be
characterized as either direct, with bundle attachment
occuring directly to an integral membrane protein, or
indirect via an intermediate actin-binding protein.

The

specific molecular mechanism that attaches actin to
membranes, however, varies from one biological system to
another and, as the erythrocyte cytoskeleton exemplifies,
more than one molecular sequence can be found mediating
actin-membrane associations within a system (Bennett, 1985).
Biochemical studies might reveal a distinct molecular
sequence for the linkage of actin to the plasma and
chloroplast membranes.

For example, F-actin affinity

columns could be made in order to isolate actin-binding
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membrane proteins (Luna et al., 1984).

These would be

fell owed by SDS-PhGE ( sodi urn dodecylsul fate polyacrylamide
gel electrophoresis) of the eluted fractions.

These gels

could be compared to gels of detergent extracted membranes.
In addition, radiolabeled F-actin probes could be used to
study binding of F-actin to intact membranes and to SDS gels
of internodal cell membranes.

The particular molecular

sequence of actin l j_nkage in each membrane type may contain
actin-binding proteins of a homologous nature but the
sequence would probably not be identical.
The distribution of actin bundles on chloroplast files
is generally implied to be undeviating.

Our investigations

with the SEM of the transition zone, however, showed actin
bundles exiting from the sidewall from between chloroplast
files (Fig. 13, 14).

Another finding,

also observed with

SEM, was split fibrils whose offshoots either rejoined after
some distance, or whose outermost branch crossed over to and
established a connection with the nearest bundle on an
adjacent chloroplast file (Fig.lO).

These observations are

not artifacts of freeze-drying; they are distinct from the
frayed filaments reported by Kersey and Wessells (1976) in
their freeze-dried material. Their results probably
represent regions where filament bundles have loosened or
unraveled under preparation conditions.

These tattered

bundles were noticeably absent from areas of•the cortex that
had been covered by tonoplast membrane.

They reasoned that
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the membrane-covered areas had been safeguarded from the
rigors of freeze-drying and, thus, did not fray.
Light microscopy observation of
immunofluorescently-labeled actin fibrils dramatically
illustrates the apparent dynamic character of these bundles
(Richmond, unpublished results).

Brightly conspicuous

against the red autofluorescing chloroplasts, four to six
fluorescent green actin bundles can be seen that
periodically branch and cross over to a neighboring
chloroplast file.

Branching may occur to such an extent

that the normal range of fibrils per chloroplast is
exceeded.

Bundles that have crossed over may branch yet

again and even cross back to their original file.

Crossing

fibril branches remain in the microscope's plane of focus,
indicating that the fibril does not slacken or make contact
with the plasma membrane surface between chloroplasts within
a file.

At a lower plane of focus, however,

immunofluorescence often illuminates an actin fibril between
the chloroplast files, near the plasma membrane surface;
these fibrils are continuous with the bundles seen to exit
from between chloroplast files and enter into the endwall,
actin-only region.

It should be noted that no bundles were

seen to have arisen independently; all branching bundles
showed evidence of continuity with other bundles, and
branching is seen throughout the cell, even in irradiated
zones. Immunofluorescently-labeled preparations do not
exhibit actin bundles between all chloroplast files, but it
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is apparent that the spacing pattern so characteristic of
the endwall region is in part established by the presence of
these, hitherto unknown interfile bundles.
Since bundles occur at statistically equal intervals
(the differences between the means for each region were not
significant at the 0.05 level, Student's t-test) in both the
sidewall and endwall regions (see Table II), and since
mathematical analysis of the internodal cell geometry
signifies that around the end of the cell there is no
constriction of surface area, then bundle numbers must
increase as the transition is made from the
chloroplast-ladden sidewall to the actin-only endwall
region.

Evaluation of bundle spacing throughout each

internodal specimen indicates that branching in the
transition zone of both chloroplast-associated actin bundles
and the interfile bundle ''fills-in" the remaining
bundle-free areas found between chloroplast files of the
sidewall region.

Completion of the endwall bundle

arrangement cannot be fully ascribed to the interfile bundle
for two reasons: l)conclusive evidence that every interfile
space contains a bundle does not exist from either SEM or
immunofluorescence sources; and 2)the space from the
outermost actin bundle of one chloroplast file to another
file oftentimes is wide enough for more than one actin
bundle.

This interfile space not only includes the area

between two chloroplast files but the space from the
outermost actin bundle to the edge of the chloroplast to
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which it is attached.

When a measurement of bundles per

micrometer (bdl/um) is taken across many chloroplast files
so that the distance includes the interfile spaces, and when
two theoretical bundles, corresponding to a branched
interfile bundle in the transition zone, are added to the
bundle count for each interfile space in the measurement,
the bdl/um calculation still falls short of the bdl/um value
obtained from the endwall region of that cell (Table II).
Quite the opposite results were obtained when we
compared actin spacing patterns between irradiated windows
and the sidewall and endwall regions.

Measurements from

these areas indicate that bundle numbers remain virtually
unchanged from the pre-irradiated values (see Table III);
regenerated bundles arise mainly from pre-existing bundles
with little branching occurring during the process.

While

the bdl/um values for chloroplast-associated actin bundles
and endwall bundles were again found to be the same, the
bdl/um reading for regenerated areas was significantly lower
(more space between bundles) than elsewhere in the cell and
was comparable to the overall bdl/um measured in the
sidewall area on either side of the window.

Recall that

bundles in regenerated areas have an endwall-like
distribution in that the so-called "interfile spaces" are no
longer delineated.
It appears that bundle regrowth across irradiated areas
is primarily governed by actin polymerization dynamics and
passive endoplasmic flow (Williamson, 1984).

As a result of
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their role in cytoplasmic motility, actin bundles have a
polarized orientation in relation to the direction of
streaming: the slow growing "pointed" ends of
myosin-decorated actin filaments are directed opposite to
endoplasmic flow.

In irradiated areas, consequently, the

fast growing ends of actin filaments in a bundle are exposed
at the upstream edge of the window (the end of the window
receiving the endoplasm first) so that when repolymerization
occurs, presumably by the addition of G-actin, it does so in
the direction of streaming (Williamson, 1984).

The lack of

detectable net assembly or disassembly at the "pointed" ends
in downstream bundles (Williamson, 1984) is likely due to
either inadequate G-actin concentrations or to one or more
actin-binding proteins that recently have been discovered to
cause unidirectional polymerization, i.e., acumentin
(Southwick, 1982) and profilin (Tilney, 1983).

The

orientation of bundles as they extend across an area cleared
by irradiation looks to be a result of the mechancal
influence exerted by the passing endoplasmic stream
(Williamson, 1984).

This view is most directly supported by

cases in which the irradiated window spanned an indifferent
zone (see Fig. 2).

The endoplasmic flow set up after

irradiation followed a U-turn path across the null zone.
This abnormal path was apparently caused by the oppositely
directed bundles on the other side of the indifferent zone
removing endoplasm more quickly than bundles at the
downstream edge of the window.

Extending actin bundles
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follow this flow pattern and subsequently establish U-shaped
connections with the oppositely polar bundles on the other
side of the null zone.

By the same token, endoplasmic flow

often slows and becomes turbulent at the downstream end of
the window (before bundle regrowth has been completed),
creating a less orderly orientation of actin bundles in this
region (see Fig. 20; Williamson, 1984).

According to this

view, the membrane proteins responsible for bundle
positioning have a degree of mobility within the lipid
bilayer and can respond to the flow-induced orientation of
their attached actin bundles.
That bundle spacing is altered in window areas, further
disfavors the view that cortical structures are immobilized
by a cytoskeleton like Williamson (1985) has proposed. If
actin were immobilized through direct attachment to such a
cytoskeleton,it is reasonable to assume that regulation of
actin spacing would also be seated there.

Irradiation

treatment could not permanently destroy such a proteinaceous
structure (i.e., repolymerization akin to actin bundle
regrowth): actin bundles are removed from the area of
irradiation only because the chloroplasts to which they are
attached are swept away by endoplasm flow.
Actin bundle orientation during internodal cell
development is closely aligned to longitudinal cell growth.
Cells destined to become internodes very quickly develop the
characteristic arrangement of chloroplasts oriented along
their longitudinal walls (Pickett-Heaps, 1967, 1975) and
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early on show signs of cytoplasmic streaming.

Cell growth

progresses most dramatically in the direction of the long
axis of the cell.

This growth pattern is due to the

structural, physical, and optical aniosotropy of the cell
wall as it yields to turgor pressure.

Namely, it is a

result of the predominantly transverse orientation of
cellulose fibers which reinforce the internode wall
circumferentially and direct cell expansion towards
elongation (Green, 1958; Gertel and Green, 1977).

A typical

internodal cell will undergo a 3,000 fold increase in length
(Green, 1958) while the rate of growth in width lags five to
one behind that in length (Green, 1963).

Mapping the lines

of maximum strain in the expanding wall has shown that
chloroplast division, file orientation and cytoplasmic
streaming all remain parallel during cell expansion (Green,
1954, 1963, 1964).

Cell wall deformation is considered to

be the primary factor controlling the orientation of
these structures in the sidewall cortex.
Transmission of the aligning influence is either
direct, in the case of interfile bundles, or via the
activities of the chloroplasts to which the remaining
bundles are attached.

Since the continued existence of the

cell and endoplasmic flow are mutually dependent, it seems
likely that in the rapidly expanding cell, the contribution
of endoplasmic flow to bundle orientation is limited to
maintaining a bundle orientation already determined by cell
wall deformation and/or chloroplast elongation and division.
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The fact that rather large, mature cells were used in
experimentation indicates that bundle regeneration across
window areas occurs too quickly for wall elongation to have
a significant influence on bundle orientation; i.e., the
cell's fractional growth rate (the rate of increase in
length per unit length) is low or zero for the large cells
used (Green 1954).

In cases such as these, endoplasmic flow

in the window becomes the dominant orienting factor.
Likewise, the ends of internodal cells experience only
marginal growth which, as indicated by the randomness of
cellulose deposition, lacks the ability to orient actin
bundles through directional wall expansion.

It has been

proposed, therefore, that the ends of internodal cells
represent a situation during normal cell ontogeny in which
endoplasmic flow may be the primary factor orienting actin
bundles (Williamson, 1984).

If we assume that bundles first

assemble in the cortex along the cell's longitudinal walls,
passive endoplasmic flow, analogous to the window areas that
spanned the null zone, will occur around the ends of the
cell.

Bundle extension across the endwall cortex would be

oriented by the path of passive endoplasmic flow.

Once

actin bundles are continuous throughout the cell, further
bundle growth probably occurs from within the bundles as
they are stretched by cell elongation and not, as it occurs
during regeneration, from discrete bundle ends.

It is not

apparent, however, how this hypothesis might be tested.
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Given the differences in overall bundle organization
between the sidewall and endwall cortex, the most obvious
place to look for control of bundle spacing is the membranes
to which actin bundles are attached.

Without the benefit of

a cytoskeleton, the actin-binding proteins of both the
chloroplast and plasma membrane would seemingly be incapable
of maintaining a set arrangement of actin bundles.
Plasmalemmal contributions were ruled out in the earlier
discussion on the evidence against a cortical cytoskeleton
being the primary mode for immobilization of cortical
structures.

Despite modest knowledge of its structure and

properties, a reasonably clear picture of the molecular
architecture of the chloroplast envelope is lacking.

Even

so, it is not likely that the chloroplast membrane
contributes in any way to the arrangement of actin bundles
on its surface or that an intraorganellar cytoskeleton
exists to crosslink transmembrane proteins (similar to the
mechanism of restriction of the anion channel and
glycophorin in the red blood cell membrane).
The regular arrangement of actin bundles atop
chloroplasts and the plasmalemma could possibly be
maintained by a spectrin-like protein that binds laterally
to adjacent bundles.

Because the distance from bundle to

bundle varies somewhat (see Table I), the prospective
spacing protein must allow the integral proteins involved in
actin binding a degree of lateral mobility.

This could be

accomplished in either of two ways: the spacer protein could
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possess inherent flexibility or function in a variety of
subunit states.

The spectrin family of proteins, in fact,

exhibit functionality in both dimer and tetrameric forms.
The idea of a spacer protein that maintains bundle
arrangement is rather attractive because it needs to have
binding specificity only towards actin, hence, the protein
would be effective regardless of the membrane to which the
bundles are attached.
In addition to a spacer protein that binds to the sides
of actin fibrils and maintains bundle spacing, it appears
that cytoplasmic signals during the early stages of
internodal development would be the ultimate determinants of
bundle arrangements found in the cell.

Bundle grouping

along chloroplast files, interfile bundles, and bundle
uniformity in the endwall cortex are all established very
early by the growing internodal cell.

Elucidation of the

ontogeny of events that govern these processes is not only
important to Nitella research but is useful to understanding
the regulation of cytoskeleton organazition in general.

The

cellular phenomena that influence the organization of
intracellular structures are not well understood, but are
thought to be carried out through adjustments in cytoplasmic
conditions, i.e., changes in the relative concentrations of
proteins, enzymes, and/or regulatory molecules such as cAMP,
Ca++, or other ions.

These adjustments are accomplished

through regulated gene expression, which is, in turn,
stimulated by signals from the cytoplasm or the immediate
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cell environment.

Consequently, we can presently only

speculate as to the molecualar mechanisms behind the
striking organization of cortical structures in Nitella
internodal cells.

As previously discussed, chloroplast

files and actin bundles along the sides of internodal cells,
orient to, and extend along with, the predominantly
lengthwise directional wall expansion; but what accounts for
the spacing of chloroplast files circumferentially?

The

span of the interfile spaces, while somewhat consistent
within a cell, differs from cell to cell (as do all aspects
of cortical structure arrangement).

The number of

chloroplast files per cell rarely increases by more than 20%
during the growth and development of an internodal cell
(Green, 1964; Rizzolo and Richmond, unpublished results),
indicating that, after a certain developmental stage,
chloroplasts lose the ability to carry out lateral divisions
for the purpose of increasing file numbers.

Longitudinal

divisions, however, continue until the cell matures and
ceases growth (Green, 1964).

Unfortunately, a thorough

examination of chloroplast file initiation does not exist.
The number of bundles found attached to chloroplasts is
established by the very young cell (the restriction of
bundles to the margins of chloroplasts bordering null zones
also signifies an early control of bundle deposition) and,
naturally, is limited by the size of the chloroplast
surface.

But, in the mature cell, it looks as though bundle

numbers can be augmented by

branching bundles (see Fig.
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10).

Specimens that exhibit only marginal branching also

show surplus space on either side of the bundle group (see
Fig. 8), as though the chloroplasts have expanded as the
cell grew without the additional space being filled in by
bundle offshoots.
It is unclear at this point whether interfile bundles
have functional significance or if they are simply
aberrations in the manner of bundle deposition.

Being a

substantial distance (at the cellular level) below the more
significant force-generating interface at the chloroplast
surfaces, it is difficult to say what contribution, if any,
these interfile bundles make towards the bulk movement of
cytoplasm.

Just as bundles of the sidewall branch at the

entrance to the endwall cortex, they also converge upon and
merge with bundles already aligned within chloroplast files.
The origin of some interfile bundles could be the inability
of bundles emerging from the endwall to reassociate with a
chloroplast surface.
The disparate spacing patterns found between
undisturbed and regrown areas of irradiated cells implies
that bundle branching is regulated as well.

Bundle

branching regulation could be effected in two ways: 1) by
inhibition of bundle branching in mature cells, or 2) by
transient stimulation of branching during internodal growth
and development (possibly carried out via augmenting the
concentration of bundling protein at the initiation of
bundle assembly around the endwall).

In either case, when
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areas cleared by irradiation are repaired, branching is no
more prevalent than in undisturbed cortical areas.
Consequently, an endwall-like spacing pattern is not
generated during regrowth.

Another possibility is that

newly generated bundles must be continuous with bundles on
the other side of the window to become permanent fixtures of
the cell.

Bundles that fail to connect might, in some

manner, depolymerize.
The associations between actin bundles and the endwall
plasma membrane are not interrupted or limited as they are
on chloroplast surfaces.

Bundle arrangement in the endwall

cortex may, therefore, reflect the continuity of the
membrane surface rather than it having some importance to
endoplasmic streaming.

Since the volume of endoplasm is

continuously carried around the cell, there is no reason to
expect a need for greater force generating capacity at the
ends of the cell than along the sides.

Furthermore, the

bulk of cytoplasm being moved by the internodal motility
system is far from the experimentally determined load
capacity (Tazawa, 1968).

For these two reasons, there is

not a mechanical or physical requirement for a greater
number of actin bundles in this region nor, for that matter,
any functional significance behind the spaces found between
chloroplast files and the resulting fewer actin bundles
along the sides of the cell.
Irradiated cells appear to represent a system in which
the determinants of bundle spacing, normally present in
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differentiating internodal cells, are absent.

When a mature

cell regenerates actin bundles in an area from which
chloroplasts have been removed, the spacing pattern native
to the rest of the cell is lost.

The regenerated bundles

neither regroup to mimic a "chloroplast-associated" pattern
nor do they branch or otherwise increase in number to mimic
an endwall spacing pattern.

They do, however, exhibit the

uniformity of spacing as seen in the endwall.

For the

purpose of elucidating spacing controls, it would be
interesting to irradiate very small areas of very young
internodal cells (in which the ontogenic controls of bundle
spacing are still active) and mature internodal cells and
then assess the intervals between regenerated bundles.
Given the rapidity with which bundle extension takes place,
during regeneration, restricting the treated area would
minimize turbulent endoplasmic flow effects and more closely
mimic natural conditions.
Further ultrastructural studies, as well as biochemical
and immunochemical analyses will help to clarify the
molecular composition, architecture, and mode of
actin-membrane interaction found in the cortical regions of
internodal cells.

Beyond a description at the molecular

level of the structural aspects of this actin motility
cytoskeleton, there remains a wholly separate realm of
inquiry to be pursued.

Namely, what are the intracellular

signals (ionic and metabolic) that influence bundle
polymerization, bundle branching and protein synthesis
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itself?

Are there mechanisms that work exclusive of genetic

controls and, possibly, influence the genetic processes
thought to be the primary determinants of cell development
and function?
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=============================================================
2

1

MEASURED

========
4-6

BUNDLES/CHLOROPLAST FILE

PUBLISHED

==========
4-6

3
CENTER-CENTER
DISTANCE BETWEEN
2 BUNDLES

x= 0.68uM
r= 0.3-0.9uN
n= 66

x= 0.45uM
r= 0.22-0.69uM
n= 120

x= O.l6uM
r= O.l3-0.20uM
n= 22

x= 0 .14uM

BUNDLE DIAMETER

==================
1

Measured values obtained from SEM micrographs; 0.2um gold
coating has not been compensated for in expressed values.
2

From Nagai and Rebhun ( 1966). ~1easured values obtained
from TEM micrographs.
Bundle diameters measured from
cross-sectioned specimens.
3

Mean (x) was calculated from (n) number of measurements.
Range (r) and number (n) are listed where appropriate.

=============================================================
Table I.
The character and dimensions of chloroplastassociated bundles observed in this study are listed
comparatively with previously published values

=============================================================
CELL AREA
MEhSURED

l

2

3

SPECIMEN #
4
5

6

7

8

=============================================================
A-SW

1.06

1.33

1.15

0.99

1.37

n'

(27)

(32)

(13)

(20)

(18)

h-C

1.96

1.77

1.58

1.73

1.92

1.54

1.73

1.81

n'

(32)

(40)

(24)

(27)

(35)

(36)

(45)

(29)

A-EW

1.98

1.71

1.42

1.41

1.51

1.51

1.65

1.79

(13)

(40)

(27)

(14)

(50)

(45)

(35)

n'

T-zone
n'

(23)

l. 76

1.51

l. 80

(40)

( 12)

( 36)

==================

A-SW= bdl/um computed for a span of the sidewall region
inclusive of interfile spaces and interfile bundles.
A-C= bdl/um computed for bundles associated with single
files of chloroplasts.
A-EW= bdl/um computed for bundles well into the endwall
region.
T-zone= bdl/um computed for bundles in the transition zone.
n'= number of actin bundles upon which computation was
based.

=============================================================
Table II.
Bundle spacings from measurements of different
cell regions.
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Fit~ure l. Diagrams
illustrating a portion of a Nitella

plant shoot at the
light microscope

level.

(a)Whole

mount showing chloroplast arrangement.

(b)Longitudinal section \\.~ith the ends of
two internodes along
the vertical axis

:

and lateral leaf

.I

cells branching to

the side.

I!

These

'I

cells are separated

ijJ

by the much smaller
nodal cells. (c)

!J

I'

Cross section of the
larger internodal

cell.

b

The central

area is the vacuole.

0

From Nagai and Rebhun

196~J ~-------===-------========;o--~===~"11

Figure 2. The organization of the internodal cell cortex and
subcortical actin bundles. Lower: section
of an internodal cell
showing chloroplast
o"'m

1

rows arranged in a

gentle spiral along
the long axis of the
cell.

Arrows indicate

the opposing cytoplasmic streaming directions on either side
of the null, or indifferent, zone.

Upper: blowup of the
I

I

i

i

s

.... y--

. ···'-*

area indicated in the
lower figure, illustrating the spatial
relationship between

the chloroplast files
of the cell cortex,
the subcortical actin
bundles, and the
streaming endoplasm.

After

All~n

(1974).
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I

200 urn

Figure 3. SEM micrograph of one-half of an internodal cell that has been opened up to expose the
cell cortex and actin bundles. The node is on the
left (bright areas) and a null zone is seen near
the top of the flattened (sidewall) portion. x6B.
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Figure 4. TEM micrograph of a tangential
section capturing the region between the
chloroplasts of the cortex and the subcortical actin bundles of an internodal
cell. Typically, chloroplast files and
associated actin bundles can be seen,
with a somewhat rare view of an actin
bundle that appears to run between
chloroplast files (arrow). x3000.

5 urn

Figure 5. Higher magnification of
area in lower right of Figure 4.
Note the mitochondria (m) apparently in the streaming endoplasm. x6400.

I

2 urn
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a

b

5 urn

Figure 6. SEM micrographs of the cortical surf ace
as seen from the vacuole. These specimens were not
centrifuged to pellet the endoplasm prior to fix at i on and freeze-drying . Visibility was not appreciably hindered in some cases (a) while in
o thers, the cortical surface was completely masked
(b) . x2500.
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5 um
Figure 7. The same aspect of the internode
cortex as Fig . 6, except this specimen was
centrifuged prior to fixation. In compar ison to Fig . 6, the cel l cortex is more
easily visualized; an interfile bundle can
be seen between chloroplast files (arrow).
x2500.
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Figure 8. SE~1 micr ograph of
the ce ll co rtex . In most
instances, the small organell es present are mitochondria o r spherosomes .
Small patches of tonoplast
or endoplasmic r eticulum
membrane are evident on
and around the chlo roplasts.
Microtubul es (mt) j u st inside th e plasma membrane
can be seen in th is particularly c l ear preparation . x8000 .

2 urn

Figure 9. A chloroplast file
and aligned actin bundl es exhibi t ing the typical number
of actin bundles with t he typical dimensions (see text).
Bund l es appear slack between
some chloroplasts in a file ,
apparently artifacts of prese rvation. x8000 .
2 urn
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2 urn

Figure 10. Chloroplast-associated actin
bundles displaying branching to such an
extent as to exceed the normal range of
bundles per file. Some bundles have broken between chloroplasts during fixation.
x8000.
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a

Figure 11. (a)Chloroplasts torn
away during specimen preparation
expose mitochondria under the
periphery of the chloroplasts.
x3000.
(b)Another region at
higher magnification. x7000.

5 urn

b

2 u:n

67

10 urn

Figure 12. The striation , or null zone
(lower right), between opposing st r eaming
directions is bordered on each side by a
chloropla s t file that has no more than one
actin bundle running along the file ' s outer
mar gin . xl500.
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a

b

Fi g ure 13 . SEM mi c r ographs of the corner aspect of
a Ni tel l a i n ternoda l cell . (a)The ter minat i on of
ch lo r oplast f iles a nd t h e continuat i on of actin
bundles around the e nd of the cell are evident .
x2000 . (b)A bundle branches from atop a ch lorop las t t owa r ds th e int erf i le space (arrow) . No t e
t ha t act in i n association with chlo r op las t f i les
are at a dis tinct l y differen t l evel t han the actin
b und l es that will tra ve r se t he e ndwa ll region
(apparen tly i n co nt act ~•i t h the plasma membrane) .
x8000 .
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2.5 urn

Figure 14. An SEM micrograph of the typical
features of the transition zone. In this
particular preparation, chloroplast files
overlap slightly, and actin bundles that
have previously deviated from chloroplasts
appear to exit from between files. Also
present is a chloroplast (center) that
looks to have been dislodged during prep~ration. x4000.
.i
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5 urn

b

2.5 urn

Figure 15. TEH cross sections through the tip of an internodal cell.
(a)Actin bundles traversing the corners of the endwall appear as
short segments. x2500. (b)Sectioning closer to the endwall, actin
bundles can be seen extending from one side of the cell to the other.
Note the branched bundle (arrow) captured in this section. x4000.

2 urn
Figure 16.

A tangen-

tial section shows actin

bundles turning the corner of an internodal cell.
A portion of a nodal cell
can be seen to the upper
right of the micrograph.
The cell wall, separating
these cells, is fenestra-

ted with plasmodesmata.
x6500

Figure 17. A TEH longitudinal
section of an internodal cell
illustrates the continuity of
actin bundles beyond chloroplast files. x7800.
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a

b
1~

Figure 18 . Near the tip of an
internodal cell, lon gitudinal
s e c tions show ac tin bundles
(a) as short segments as they
turn the corne r to the e nd of
the ce ll, and (b) as points
(b undle cross sections) as
they traverse the e nd o f the
cell. x l3000.
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5 urn

Figure 19. SEM micrograph of actin regrown acr oss a region of the cell
cortex from which chloroplasts were removed by irradiation . Note the
regular spacing of actin bundles in the center of the window. Endoplasmic flow is fro m bottom to top of the photograph. x3000 .
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Figure 20. Bundles at the downstream end (the
end receiving the endoplasmic flow) of the
window seen in Fig. 19. The bundles are disorganized relative to the center and upstream

end of the window. Endoplasmic flow is from
left to right. x3000.
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